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3 Neri et al. 2016; Novoselov et al. 2004) , graphene has been considered as a promising candidate for advanced sensing applications (Liang et al. 2017) . So far, a variety of graphene-based sensors has been constructed for highly selective and/or sensitive detection of mechanical forces Fu et al. 2011) , hazardous gases (Gutes et al. 2012; Pearce et al. 2011; Yoon et al. 2011) , heavy metal ions Wen et al. 2013) , physiological signals (Dey and Raj 2010) etc. Among them, biosensors fabricated with graphene have been widely investigated for the detection of glucose Wang et al. 2009b ), proteins (Ohno et al. 2009 ), H 2 O 2 (Dey and Raj 2010) , dopamine Wang et al. 2009a) , and nucleic acid (Muti et al. 2011) . In particular, the detection of deoxyribonucleic acid (DNA) is especially significant in gene engineering and genetic disease discovery, because the sequences and defects of DNA molecules strongly affect genetic and chronic diseases (Mecocci et al. 1994) . In order to identify DNA targets, fluorescent (Zhao et al. 2003) , electrochemical (Lin et al. 2011a) , and electrical detection methods (Dong et al. 2010; ) incorporated with graphene have been investigated. Considering the advantages of low cost-in-use, time saving, and simplicity, recent studies have more focused on the label-free electrical techniques for the recognition of DNA hybridization without additional electrochemical or fluorescent tags.
Several types of graphene and its derivatives Lin et al. 2010; Mohanty and Berry 2008) have been reported as the sensing materials for label-free electrical detection of DNA molecules. However, for the case of graphene oxide (GO), the sensitivity strongly depends on the lateral size, layer number, and the amount of surface oxygen-containing groups (Muti et al. 2011 ). In addition, the real application using mechanically exfoliated graphene is limited due to the 4 uncontrollability of the morphology and sample conditions (Liu et al. 2012) . In contrast, the rapid development of chemical vapor deposition (CVD) technique in recent years enables the production of large-area, high-quality graphene films with good structural controllability, which is particularly beneficial to the fabrication of sensing devices (Cai et al. 2009; Chen et al. 2015) . Dong et al. reported that a low detection limit of 1 pM DNA could be achieved based on DNA hybridization using few-layer graphene field-effect transistors (FETs) (Dong et al. 2010 ). More recently, Zheng et al. demonstrated that single-layer graphene FET could reach a detection limit of as low as 10 fM target DNA with a dynamic range of 10 fM -100 pM (Zheng et al. 2015) , indicating that less layer number of graphene brings better sensitivity for DNA hybridization detection.
Beside the layer number, the performance of CVD-grown graphene biosensors would be also affected by other properties of graphene, such as the domain size, surface impurities, and the amounts/types of the functional groups. Both covalent (Aneja et al. 2016 ) and non-covalent methods have been applied for the functionalization of graphene (Marcia et al. 2017) . For example, Li et al. demonstrated that the biosensor made of single-crystal graphene had smaller signal deviation compared to the polycrystalline graphene, because of the elimination of grain boundary scattering (Li et al. 2015) . In addition, the quality of graphene films is also a key factor. After being grown on the metal catalyst by CVD, graphene needs to be detached from metal foil and transferred to the insulating substrate with a supporting layer of poly(methyl methacrylate) (PMMA) (Lin et al. 2012 ).
However, it remains a major challenge to completely remove PMMA from the graphene surface. The commonly-used annealing treatment to decompose PMMA not only generates carbonaceous residue, but also reduces the quality of graphene (Lin et al. 2012; Pirkle et al. 2011 ). Other alternatives have 5 been attempted including the use of low-molecular-weight PMMA (Kim et al. 2016) , thermal release tape (Bae et al. 2010) or poly(bisphenol-A-carbonate) (Lin et al. 2011b ) as supporting layers.
Nevertheless, because of the strong interaction between graphene and polymers, a clean surface of graphene without any residue after the transfer is difficult to be achieved. Thus efficient and effective transfer techniques that allow the produce of residue-free graphene films are strongly demanded in order to improve the sensitivity of biosensors .
In this work, we attempted to improve the device sensitivity based on gold-transferred graphene for the detection of DNA hybridization. After CVD growth, single-layer graphene was transferred onto SiO 2 /Si substrate using a thin supporting layer of gold, instead of commonly-used PMMA. The use of a gold supporting layer for the transfer of graphene is a promising route to obtain a clean surface of graphene (Song et al. 2009 ). As evidenced by microscopy, the surface of gold-transferred graphene is smooth, undamaged, and contains no impurities and residues, which are often found on the sample transferred by using a PMMA supporting layer. In our previous work, the sensitivity of liquid-gated FET based on gold-transferred graphene was improved 125% compared to that of PMMA-transferred sample followed by annealing . In contrast, the sensitivity of the Hall effect biosensor made of gold-transferred graphene is significantly (≈ 5 times) improved compared with that of graphene with PMMA residue, demonstrating that the different measuring configurations remarkably affect the sensing performance of the devices. The biosensor also has a good selectivity which effectively distinguishes target DNA from one-base mismatched DNA. 6 2. Experimental
Materials and reagents
25 µm-thick copper foils (purity: 99.8 %) was purchased from Alfa Aesar Chemical Co., Ltd.
Acetone, ammonium persulfate (NH 4 S 2 O 8 ), and gold etchant (composed of potassium iodide (KI)/iodine (I 2 )) were obtained from Sinopharm Chemical Reagent Co., Ltd. Silicone substrate with 300 nm-thick SiO 2 on the top was procured from Tebo Technology Co., Ltd. Silicone rubber and PMMA were purchased from Dow Corning and MicroChem Co., Ltd., respectively. Gold particles (purity: 99.999 %) for thermal deposition was acquired from ZhongNuo Technology Co., Ltd.
Graphene growth by CVD
Single-layer graphene film was synthesized by CVD on copper foil. Prior to growth, the copper foil was thoroughly cleaned with acetone to remove organic impurities. The foil was loaded in CVD chamber and heated to 1050 °C with the flow of H 2 (20 sccm) at 340 mTorr, and then kept at this condition for 30 min to reduce the surface oxides of copper. When a gas mixture (CH 4 /H 2 : 8/8 sccm) was introduced into the system at 1050 °C, graphene was grown on the surface of copper. After reaction for 20 min, the chamber was naturally cooled down under H 2 /Ar atmosphere.
Transfer of graphene using PMMA
PMMA was used as a supporting material for the transfer of graphene from copper foil to the target substrate. First, PMMA was spin-coated on graphene/copper film at a speed of 500 rpm for 10 s, followed by 4000 rpm for 1 min. The thickness of PMMA coating is about 100 nm. The copper foil was then removed by etching in 0.1 M ammonium persulfate solution at 60 °C for 2 h. After rinsing with deionized water, a silicon substrate with 300 nm-thick SiO 2 on top was used to support PMMA/graphene layer (1 × 1 cm in area). After baking at 60 °C for 2 h, the sample was immersed in hot acetone (60 °C) for 10 min to dissolve PMMA followed by annealing in CVD furnace with H 2 /Ar (20/80 sccm) atmosphere at 450 °C for 2 h to remove the rest of PMMA.
Transfer of graphene using gold
After CVD growth of graphene, a thin gold layer with 30 -80 nm in thickness was thermally deposited on the surface of graphene. Similar to the role of PMMA used in conventional transfer process Song et al. 2009 ), the gold layer serves as a supporting layer to avoid graphene destruction when copper was fully removed. After removal of copper, the gold/graphene film was set on a SiO 2 /Si substrate, followed by baking at 60 °C for 2 h. After that, the sample was immersed in gold etchant (KI/I 2 ) for 10 min, eventually leaving graphene films on the substrate.
Immobilization of DNA on graphene
The desired concentrations of target and one-base mismatched DNAs were prepared by diluting them in 1× PBS solution, which is composed of 13.7 mM NaCl, 0.27 mM KCl, 0.43 mM Na 2 HPO 4 , and 0.147 mM KH 2 PO 4 . To perform DNA hybridization tests, the graphene device was incubated in 1× PBS for 2 h, and then immobilized in 10 µM probe DNA for 16 h at room temperature. A following rinsing step with 1× PBS was carried out to remove weakly-bound DNA molecules. The target or one-base mismatched DNA was dropped on the device in sequence from 1 pM to 100 nM for hybridization with probes. In general, it took 3 h for hybridization at each concentration and then a rinsing step was always done. 8
Electrical measurements and characterizations
The electrical properties of graphene device in dry and liquid conditions were recorded by Hall effect measurement system (Hall 8800, Swin, Taiwan). The surface topography of graphene was examined by atomic force microscopy (AFM, Dimension 3100, Veeco, USA). The chemical compositions of graphene were characterized by X-ray photoelectron spectroscopy (XPS, Kratos AXIS ULTRA DLD, Japan). And the Raman spectra were collected in Raman spectrometer (Renishaw plc, Wotton-under-Edge, UK, laser wavelength: 532 nm). The spectra were calibrated against Si peak at 520 cm -1 . Fig. 1a illustrates the transfer process proposed in this study for moving a graphene film from copper foil to a SiO 2 /Si substrate, using a thin gold as a supporting layer. Herein, gold is chosen for graphene transfer is due to the fact that there is no solid solution phase of carbon/gold according to their phase diagram, suggesting that the solubility of carbon in gold is extremely low (≈ 10 ppm) (Okamoto and Massalski 1984) . Therefore, it would not form an interdiffusion layer between graphene and gold during thermal deposition. Note that the deposition of gold by magnetic sputtering is not available for our case, because the bombardment of gold clusters would degrade the crystal structure of one-atom-thick graphene layer. The photograph of graphene device built on a homemade printed circuit board is presented in Fig. 1b . Four electrodes were added using the silver paste at the corners of graphene film to form the device for Hall effect measurement. The electrodes were protected from buffer solution by covering them with silicone rubber, and a reservoir was also built in the same way to hold the buffer solution with DNA molecules. Fig. 1c illustrates the hybridization of probe and target DNA molecules on the surface of graphene, and the sequences of 12-mer DNA strands.
Results and Discussions:

Configuration of graphene Hall effect biosensor
Characterizations of gold-transferred graphene
The comparison of Raman spectra of graphene films prepared by conventional PMMA transfer process and our proposed gold-transfer method is presented in Fig. 2a . The Raman spectrum of the sample transferred with a PMMA supporting layer, followed by annealing at 450 °C is also shown.
The three typical samples studied in the work are named as "PMMA-transferred", "annealed PMMA-", and "gold-transferred" graphene, respectively. All the spectra exhibit the characteristic peaks of high-quality single-layer graphene: a negligible D-band (≈ 1353 cm -1 ), a sharp G-band (≈ 1585 cm -1 ), and a prominent 2D-band (2700 -2720 cm -1 ) (Malard et al. 2009 ). Compared to the spectrum of PMMA-transferred graphene (see Table S1 ), we noticed blue shifts in both G-band (from 1581.9 to 1589.1 cm -1 ) and 2D-band (from 2698.9 to 2719.9 cm -1 ) for the annealed PMMA-graphene sample, indicating that 450 °C-annealed graphene would be p-doped (Ryu et al. 2010 ). Moreover, the appearance of a tiny D-band (at 1359.0 cm -1 ) and the decrease of I 2D /I G ratio (from 2.25 to 1.30) demonstrate the degradation of graphene quality after annealing treatment. In contrast, gold-transferred graphene with higher I 2D /I G ratio (2.78) shows better quality than the other two samples. Surface chemical compositions of graphene films were examined and analyzed by XPS. As revealed in Fig. 2b , the high resolution C1s spectrum for gold-transferred graphene can be fitted into four deconvoluted components: sp 2 -hybridized bonds (C=C, at 284.4 eV) and the oxygen-containing groups including hydroxyl (C-O, at 286.1 eV), carbonyl (C=O, at 287.1 eV), and carboxylate bonds (COOH, at 288.7 eV) (Poh et al. 2012) . The comparison of XPS C1s spectra between gold-transferred graphene and other samples can be found in Fig. S1 . Considering the high quality of CVD-grown graphene, the amount of oxygen-containing groups can be used as an indicator of organic residues remaining on the graphene surface after the transfer. As to the corresponding fitting results (Table S2) , the ratio of oxygen-containing groups of gold-transferred graphene (24.2%) is much lower than that of PMMA-transferred sample (43.0%), and a little higher than that of 450 °C annealed PMMA-graphene (22.9%) . This confirms that some PMMA residues still adhered to the surface of graphene after the PMMA removal process (Barin et al. 2015) . Note that there is no other impurity, such as gold etchant composition, can be found on the surface of gold-transferred graphene, as shown in Fig. 2c . gold-transferred graphene films, respectively. In Fig. 3a , we observed that a substantial amount of PMMA residues remains on the graphene surface which was transferred by the conventional process, confirming the fitting results of XPS analysis. Even after annealing at 450 °C, some residues still can be seen on graphene surface (Fig. 3b) . These impurities might be composed of amorphous carbon originated from the incomplete decomposition of PMMA molecules. Moreover, the shrinkage of PMMA layer during the thermal treatment also leads to the formation of ripples and wrinkles in 13 graphene. In contrast, a clean and smooth surface was clearly seen for gold-transferred graphene, as shown in Fig. 3c . Compared to the strong bonding strength of graphene with PMMA, the relatively weak interaction between graphene and gold ensures the complete removal of gold from the surface of graphene. As a result, our transfer method with a gold supporting layer is efficient and effective to prepare a high-quality graphene film with a residue-free surface, which would be beneficial to enhance the performance of a biosensor. Hall effect was then examined. Fig. 4 exhibits the change of the electrical properties of the device with the increasing concentration of added target and one-base mismatched DNAs, respectively, in 1× PBS and dry states (removal of PBS solution). The surface of graphene was first immobilized with probe DNA strands, followed by the hybridization with increasing concentrations of target or one-base mismatched DNA from 1 pM to 100 nM. As shown in each figure of Fig. 4 , we found similar trends of the plots for samples measured either in 1× PBS or at dry state. It can be attributed that a thin aqueous layer might be adsorbed on the graphene even PBS was blotted away with paper tissue, because the surface of graphene becomes hydrophilic after immobilization with probe DNA.
DNA hybridization detection
As shown in Fig. 4a -c, the electrical property changes for the detection of target and one-base mismatched DNAs is quite different. In Fig. 4a , the evolution of carrier concentration increased linearly with the increase of the concentration of target DNA, whereas the carrier concentration was insensitive to the addition of one-base mismatched DNA. In contrast, the carrier mobility of graphene devices continuously decreased and the sheet resistance increased, whatever target or one-base mismatched DNAs were added. Based on the Van der Pauw equation: R  , the value of sheet resistance (R) is determined by the product of carrier mobility (μ) and concentration (n). The decease of carrier mobility in Fig. 4b can be attributed to the enhanced effect of charged impurity scattering from the adsorbed DNA molecules, whatever target or one-base mismatched. And, the considerable increase of carrier concentration in Fig. 4a indicates that graphene would be p-doped only when the surface-immobilized DNA probe hybridized with targets, showing a remarkable specificity for DNA target over one-base mismatched one. As a result, the record of carrier concentration is a desired indicator for the detection of DNA hybridization based on graphene Hall effect devices.
Sensing performance comparison
In order to demonstrate the sensitivity enhancement using gold-transferred graphene, the same experiment in Fig. 4 was also performed with the devices fabricated with annealed PMMA-graphene, and the results were shown in Fig. S2 . A comparative evolution of carrier concentration between gold-transferred and annealed PMMA-graphene for the detection of target DNA is presented in Fig.   5a . To eliminate the difference of the initial carrier concentration between two samples, the measured values were set to zero when 1 pM target DNA was added, and then the increase amount of carrier concentration was recorded with the increasing concentration of target DNA in the range of 10 pM -10 nM. The average value and error bars were evaluated from 8 devices. Obviously, the sensitivity of the devices made of gold-transferred graphene is approximately 5 times higher than that of annealed PMMA-graphene (see Table S3 ), giving strong evidence that graphene with ultraclean surface enables a significant sensitivity improvement for DNA recognition. The mechanism of property enhancement for gold-transferred graphene is schematically illustrated in Fig. 5b , in which the residues on the graphene surface would reduce the effective area for DNA immobilization and further hybridization, leading to the degradation of the device performance. The graphene Hall effect biosensor constructed by our proposed method shows a detection limit of 1 pM and a linear range of 1 pM -100 nM, which are comparable to those of other DNA sensors based on graphene and its derivatives, as summarized in Table 1 . More importantly, we noticed that the selectivity between target and mismatched DNA strands of our devices (≈ 13) is much higher than other works (2 -4) (see Table 1 ). The selectivity was defined by the ratio of electrical signal change for target to mismatched DNA when the devices were operated in the linear range for DNA hybridization detection. It confirms that the surface cleanness of graphene greatly influences the sensitivity and specificity of the devices. Moreover, under same experimental conditions, we found that the sensitivity of the device determined by the Van der Pauw method was approximate 4 times better than that measured using a liquid-gated FET, as shown in Table S4 ). In Chen's work, the sensitivity enhancement for gold-transferred graphene was only 115% compared to that of annealed PMMA-graphene for DNA detection in the range of 1 pM -10 nM. On account of the mismatch between 12-mer DNA length (≈ 4 nm) and Debye length (≈ 0.7 nm) in 1× PBS, the configuration based on liquid-gated FET could not detect all parts of DNA strands. In contrast, the detection depth of Hall effect devices is long enough for covering the entire DNA molecules due to the electrostatic Coulomb interaction.
Conclusions
In this work, a Hall effect biosensor made of single-layer graphene with ultraclean surface was fabricated for label-free detection of DNA hybridization. The residue-free graphene film was obtained by our proposed transfer method with a thin gold film as a supporting layer after CVD growth. It was demonstrated that the device made of this gold-transferred graphene could achieve single-base specificity and offer a significantly improved sensitivity, which was approximate 5 times higher than that of graphene transferred by the common process using a PMMA supporting layer.
Our results clearly indicate that the surface cleanness is a key factor to enhance both the sensitivity and selectivity of graphene-based biosensors. Moreover, we found that the measurement configuration of the device also affected the resulting sensitivity. This study provides a better understanding of the relationship between the sensing performance and the surface properties of graphene, enabling the stimulation of further development of graphene biosensing platforms. 
